Recent studies have revealed extensive genetic variation among isolates of Cryptosporidium parvum, an Apicomplexan parasite that causes gastroenteritis in both humans and animals worldwide. The parasite's population structure is influenced by the intensity of transmission, the host-parasite interaction, and husbandry practices. As a result, C. parvum populations can be panmictic, clonal, or even epidemic on both a local scale and a larger geographical scale. To extend the study of C. parvum populations to an unexplored region, 173 isolates of C. parvum collected in Italy from humans and livestock (calf, sheep, and goat) over a 10-year period were genotyped using a multilocus scheme based on 7 mini-and microsatellite loci. In agreement with other studies, extensive polymorphism was observed, with 102 distinct multilocus genotypes (MLGs) identified among 173 isolates. The presence of linkage disequilibrium, the confinement of MLGs to individual farms, and the relationship of many MLGs inferred using network analysis (eBURST) suggest a predominantly clonal population structure, but there is also evidence that part of the diversity can be explained by genetic exchange. MLGs from goats were found to differ from bovine and sheep MLGs, supporting the existence of C. parvum subpopulations. Finally, MLGs from isolates collected between 1997 and 1999 were also identified as a distinct subgroup in principal-component analysis and eBURST analysis, suggesting a continuous introduction of novel genotypes in the parasite population.
C ryptosporidium parvum and Cryptosporidium hominis are two related species of Apicomplexan protozoa that cause cryptosporidiosis, an enteric infection of humans and animals (30) . C. parvum is considered a zoonotic pathogen, as it is often transmitted to humans by environmentally resistant oocysts excreted by ruminants. In contrast, the host range of C. hominis is thought to be restricted to humans. With the exception of a brief diploid phase, C. parvum and C. hominis are haploid. The parasites develop in intestinal epithelial cells of the host, where they undergo consecutive rounds of asexual multiplication. Thereafter, the differentiation and fusion of gametes lead to a transient diploid stage, followed by meiotic division. Meiotic recombination between genetically distinct C. parvum genotypes has been documented in experimental infections (25) , but the extent of outcrossing in natural parasite populations appears to vary (12, 13, 26) . Mini-and microsatellite markers have provided useful information for studying the population structures of many organisms, including parasites. Studies of Apicomplexan parasites have shown that populations vary from panmictic (random mating among individuals in a population) to clonal (absence of significant gene flow), depending on either transmission intensity (e.g., for Plasmodium falciparum) (2) or host ecology (e.g., for Toxoplasma gondii) (1) . The population structure of Cryptosporidium has not been extensively studied, and population genetic studies of this pathogen have been undertaken only in the last decade and in only a limited number of geographic regions (12, 13, 16, 24, 26) . Initially it was suggested that C. parvum had a clonal population (3) . However, when this model was proposed, the existence of C. hominis was not recognized. Genotypes identified by PCR-restriction fragment length polymorphism (PCR-RFLP) were observed to segregate among two groups, which led to the model of clonality. With the description of C. hominis (15) and the development of micro-satellite markers (4, 8, 23, 28) , the clonal population model has been questioned. Today a more complex picture is recognized, and the existence of clonal, epidemic, and panmictic populations in various geographic locations has been described (12, 13, 16, 26) .
Analyses of Cryptosporidium populations in Europe are, to our knowledge, limited to the British Isles and Spain. Given the availability of DNA samples from a relatively large number of Cryptosporidium isolates from a different location, we undertook an analysis of the genetic structure of C. parvum in Italy using a multilocus typing scheme based on seven polymorphic loci, as used by Mallon and coworkers (12, 13) . We assessed the likely impact of genetic exchange in generating genotypic diversity and investigated how the host and the geographical origin and time of collection of the isolates contributed to the parasite population structure.
MATERIALS AND METHODS
Parasite isolates. Fecal samples from 178 clinical cases (122 from calves, 21 from sheep, 21 from goats, and 14 from humans) were collected between 1997 and 2010 in northern, central, and southern Italy. Details about these isolates are available from the corresponding author upon request. The presence of Cryptosporidium oocysts in these stool specimens was determined using immunofluorescence (Merifluor; Meridian Bioscience, Cincinnati, OH).
Molecular characterization. Genomic DNA was extracted from positive stools using a commercial kit (QIAamp DNA Stool; Qiagen, Milan, Italy). The DNA was subjected to PCR amplification using the primers for the Cryptosporidium oocyst wall protein (COWP) gene (20) . The amplicon was digested with RsaI endonuclease, and on the basis of the RFLP pattern, the source of the DNA identified as C. hominis (formerly type 1) or C. parvum (formerly type 2).
The seven polymorphic loci used in this study were MS1 (11), GP60 (21), and MS9, TP14, MM5, MM18, and MM19 (12, 13, 16) . The MS1 marker contains a GGTGGTATGCCA repeat in the heat shock protein 70 gene (cgd2_20) located at positions 3136 to 5184 on chromosome 2. The GP60 marker contains a TCA repeated motif in a 975-bp gene (cgd6_1080) encoding a sporozoite surface protein located at positions 266434 to 267408 on chromosome 6. The MS9 marker contains a TG-GACT repeat in a 2,016-bp gene (cgd5_2850) encoding a hypothetical protein located at positions 640137 to 642152 on chromosome 5. The TP14 marker contains a CAA repeat in a 8,421-bp gene (cgd8_1340) encoding a hypothetical protein located at positions 365790 to 374210 on chromosome 8. The MM5 marker contains a TCCTCCTCT repeat located in a 11,418-bp gene (cgd6_4290) located at positions 1002285 to 1013702 on chromosome 6. The MM18 marker contains a GGACCA repeat in the 5,004-bp gene (cgd8_660) located at positions 165295 to 170298 on chromosome 8. The MM19 marker contains a GGAGCT repeat in the 7,230-bp gene (cgd8_4840) located at position 1208520 to 1215749 on chromosome 8.
The sequences of the primers used for amplification were as follows: MS1-1F, 5=-GGAACACCATCCAAGAACCAAAGGT-3=; MS1-1R,5=-TTAGT CGACCTCTTCAACAGTTGG-3=; MS9-9F,5=-GTCTGAGACAGAATC TAGGATCTAC-3=; MS9-9R,5=-GGACTAGAAATAGAGCTTTGGCTG G-3=; TP14-14F,5=-CTAACGTTCACAGCCAACAGTACC-3=; TP14-14R,5=-CAATAAGACCATTATTACCTCC-3=; MM5-5F,5=-CCTGGAC TTGGATTTGGACTTACACC-3=; MM5-5R,5=-GGAGAAGATAAGCTA GCCGAATCT-3=; MM18-18F,5=-CTTTCTGGAGGGTTTGTTCCTCC-3=; MM18-18R,5=-CTTCCTGATGATCCAGGCCAAGC-3=; MM19-19F,5=-GATTCTGCAACTTTGAATTCAG-3=; MM19-19R,5=-CCAACC CCGAATTCATTTCCAAC-3=; GP15-15F,5=-GCCGTTCCACTCAGAG GAAC-3=; and GP15-15R,5=-CATTACAAATGAAGTGCCGCA-3=. Reactions were undertaken in a Veriti 96-well thermal cycler (Life Technologies, Carlsbad, CA). Cycling conditions were 94°C for 30 s, 55°C for 30 s, and 72°C for 60 s, for 40 cycles.
Allele and MLG identification. The size of each PCR product was estimated by electrophoresis on a capillary apparatus (QiaXcel; Qiagen, Milan, Italy) by comparison to size standards, and representative samples of each allele were sequenced to confirm the estimated size. If multiple amplification products were identified in individual samples, only the principal peak was used to define the allele. Each distinct allele was assigned a number, and multilocus genotypes (MLGs) were defined for each isolate by the combination of alleles at the seven loci.
Phylogenetic and population analyses. Genetic distances between MLGs were calculated with GenAlex version 6.4 (17) using the simple sequence repeat (SSR) distance. This distance metric is based on the difference in length between pairs of alleles. The distance between pairs of MLGs is determined by adding the square of the length difference over all loci. The distance metric was exported to Mega (22) and phylogenetic trees constructed using the neighbor-joining (NJ) method (19) .
For principal-component analysis (PCA), the SSR distance was calculated as described above, as was a simple distance metric, the Hamming distance (9). This distance is equal to the number of loci with alleles of different size. A distance matrix based on Hamming distance values between all pair of MLGs was calculated using GenAlex. This matrix and the SSR distance matrix were then analyzed using PCA.
Three variables, i.e., geographic location, year of collection, and host species, were tested for correlation with the clustering of MLGs into re-lated groups (identified by PCA or NJ clustering) by logistic regression using subgroup membership as a dependent variable. This analysis was performed with SPSS Statistics, version 17.0 (IBM, Chicago, IL). To convert the geographic location of each isolate into a continuous variable, the location of each collection site was encoded as the longitude and latitude of the capital of the province where the isolate was collected. This location was plotted on a longitude-versus-latitude scatter plot, and a linear regression was fitted to the locations (r 2 ϭ 0.71). For this analysis the 19 isolates from Sardinia were excluded, leaving a total of 159 isolates. The linear regression followed an approximate northwest-to-southeast direction. Each location was then projected perpendicularly on the regression line and the latitude of the projection used in the logistic regression as a continuous variable. Host species were converted into dummy numerical variables and the year of collection entered as a numerical variable.
The program LIAN 3.5 (10) (http://adenine.biz.fh-weihenstephan.de /cgi-bin/lian/lian.cgi.pl) was used to calculate the standardized index of association (I A   S ). This index, a derivation of the Maynard-Smith index of association (14) , measures the strength of the linkage disequilibrium (LD) and is independent of the number of loci analyzed. Linkage analysis between pairs of loci was performed using the web interface of Genepop 4.0 at http://genepop.curtin.edu.au/. This software tests the association of alleles at either of two loci against the null hypothesis that genotypes at one locus are independent from genotypes at the second locus. Nei's genetic distances were calculated using GenAlex. F ST values were also calculated using Genepop 4.0. The eBURST software (http://eburst.mlst.net/default .asp) was used to examine the structure of the C. parvum population. Using this method, the clonal nature of related genotypes and putative "founder" genotypes can be identified (7) . The most stringent setting was used, and only single-locus variants (SLVs) with 6 out of 7 identical loci were assigned to the same cluster.
RESULTS

Cryptosporidium species identification.
All isolates were initially typed by PCR-RFLP analysis of the COWP gene. The RFLP patterns (data not shown) showed that all 164 animal isolates were C. parvum (122 bovine, 21 ovine, and 21 caprine), whereas the 14 human isolates comprised 9 C. parvum and 5 C. hominis isolates.
Determination of alleles and multilocus genotypes. A total of 178 isolates were successfully genotyped at all seven micro-and minisatellite loci. For all loci, products representative of each different allele size were sequenced to confirm the size. The number of alleles at each locus ranged from 5 for MS1 to 18 for MM19 ( Table 1) . The five C. hominis isolates shared the same alleles at five of the seven loci, whereas two alleles were found at the other two loci; these alleles were not observed in C. parvum (Table 1) . Because Cryptosporidium parasites are haploid, the presence of more than one amplicon was interpreted as a mixed infection. This interpretation seemed more plausible than the alternative view of nonspecific amplification products, because (i) a BLAST search with each pair of primers always identified a single locus in the C. parvum genome, and (ii) each putative allelic band detected in mixed profiles was also identified as a single allele in other isolates. Based on the genotyping of a total of 173 isolates at 7 loci, 20 mixed profiles were identified, accounting for 1.6% (20 of 1,211) of the investigated loci and for 11.6% of the isolates tested.
A total of 102 distinct MLGs were identified among the 173 C. parvum isolates, and 2 MLGs were observed among the 5 C. hominis isolates (these data are available from the corresponding author upon request). The most frequent C. parvum MLG (MLG 67) was found in 9 isolates (8 from calves and 1 from a lamb), followed by MLG 76, which was found in 8 isolates from calves. Of the 9 MLGs from humans, only 2 (MLG 29 and MLG 64) were found in a lamb and in 2 calves, respectively. It is noteworthy that in a total of 42 isolates from sheep and goats, 34 distinct MLGs were found, and not a single MLG was shared between these two hosts. Moreover, only 4 MLGs (3 from sheep and 1 from a goat) were also found in calves. The frequency of each MLG and the distribution in the four hosts are given in Fig. S1 in the supplemental material.
Overall population analysis. The 7-locus MLGs from 173 C. parvum isolates were analyzed by PCA (based on SSR and Hamming distances) and were found to separate into two subgroups, which did not show direct association with any particular geographic region, a single host species, or year of collection ( Fig. 1) . Clustering of the MLGs using the NJ algorithm also revealed two main branches of mixed host origin (see Fig. S2 in the supplemental material) which are identical to the subgroups defined by PCA. Thus, the clustering did not show a clear-cut association with host species, year, or geographic origin. However, closer inspection of the phylogenetic tree and PCA showed that a larger number of caprine isolates were within one of the subgroups.
To further investigate the origin of the two subgroups and the possibility that caprine isolates do not cluster randomly, a logistic regression was performed to predict which variables were significantly associated with subgroups. Isolates from Sardinia were excluded because of their unique geographic location outside the main northwest-to-southeast axis. As summarized in Table 2 , the odds of an isolate being a member of a subgroup was significantly associated with the year of collection and with the host species but not with the geographical location. The comparison of isolates from each livestock species against those from humans identified goats as a significant predictor of membership of a subgroup.
In order to determine the possible role of genetic exchange, the level of LD was estimated using the standardized index of association I A S , which is a measure of the association between alleles at all pairwise combinations of loci. This index will have a value of zero or be negative in randomly mating populations but have a positive value for nonpanmictic populations. The analysis was carried out at three levels. First, all samples were included (Table 3 , all MLG), and second, samples with identical MLGs were represented by a single data point to test whether the population structure is epi- (Table 3) . Positive values of I A S were also obtained when the C. parvum isolates were separated according to the geographical origin or the host (Table  3 ). In addition, we tested for LD between pairs of loci using Genepop software. A total of 21 pairwise tests of association between loci were performed, and the corresponding P values were determined for each pair of loci. A total of 15 out of 21 (71%) tests showed a significant (P Ͻ 0.05) association (data not shown), further confirming LD in the whole population. From this analysis, one interpretation is that the population (or subpopulations based on host or geography) is not panmictic or epidemic, suggesting that genetic exchange is not occurring at a sufficient frequency to break up allele association between loci. However, two findings suggest that the population is not reproducing exclusively clonally. Firstly the values of the index of association are low (below 0.1) when the populations are subdivided by host or when the whole population is tested for epidemic structure (Table 3) . Second, the level of diversity is high, with ϳ60% of the genotypes being unique. A working hypothesis to explain these results is that there is both clonal expansion of a set of isolates and some level of genetic exchange.
To investigate this hypothesis further, the relationship between MLGs was examined using the eBURST program to explore the occurrence and possible origin of single-locus variants (SLVs). When all isolates were visualized as a population snapshot (by setting the group definition to zero of seven shared alleles), a large number of isolates appeared to lack single-locus variants, a char- The percent variations accounted for by the first and second axes are indicated. acteristic of populations where genetic exchange is occurring (Fig.  2) . Notably, 16 of 18 MLGs from goats appear to have no SLVs in the main cluster, and do not form any clonal complex even when analyzed independently (data not shown). Furthermore, 23 of 27 MLGs from isolates collected between 1997 and 1999 have no SLVs in the main cluster, and only two of these MLGs can be connected with the main cluster even when the less stringent analysis of double-locus variants (DLVs) (5 shared loci of 7) is carried out (data not shown). Distribution of MLGs in single farms. The distribution of MLGs in individual farms was examined in two regions, Lombardia (northern Italy) and Marche (central Italy), and a total of 17 MLGs were identified in 37 isolates from 12 farms, corresponding to 1.42 MLGs/farm. The results indicate that a single and unique MLG is present in 7 of 12 farms and that, even if 4 MLGs are found in more than one farm, the MLGs present are distinct between the two regions (data not shown).
Genetic distances and F ST values. Nei's genetic distance (D) was used to quantify the differences between the populations from northern, central, and southern regions of Italy. The genetic distance between northern and central regions was low (D ϭ 0.047), but the distance between northern and southern regions (D ϭ 0.270) and that between central and southern regions (D ϭ 0.278) were significantly higher. The F ST values confirmed that the northern and central populations are relatively closely related (F ST ϭ 0.023), whereas the differentiation between southern and northern (F ST ϭ 0.127) and central (F ST ϭ 0.111) populations is again clear.
DISCUSSION
In this study, we genotyped a panel of C. parvum isolates collected in Italy from four host species and over a 10-year period of time using seven polymorphic markers to define MLGs, which were then analyzed with the aim of evaluating the genetic structure of the population.
The first conclusion we draw from this study is the high level of diversity that characterizes Italian isolates of C. parvum, with 102 MLGs identified in 173 isolates typed. Extensive diversity has been reported previously, such as that observed in 23 isolates from Serbia, which were all unique MLGs, and in isolates from Turkey, where 9 different MLGs were found in 11 isolates (26); lower levels appear to characterize isolates from Spain (59 MLGs in 137 isolates) (18) and Scotland (95 MLGs in 297 isolates) (16) .
In addition to being genetically diverse, 11.6% of C. parvum isolates from Italy showed evidence of mixed infections (defined as isolate with Ͼ1 allele at one or more loci). The level of mixed infection in C. parvum populations varies considerably in published data (16, 18, 24) , from no detection in New Zealand (19 human and 7 calf isolates) to 8.2% in Israel (59 calf isolates, 1 goat isolate, and 1 horse isolate), 19% in Uganda (36 human isolates), 20% in Spain (140 calf isolates), 30% in Serbia (23 calf isolates), 53% in Turkey (15 calf isolates), and 10 to 37% in four regions of Scotland (65 human, 211 calf, and 9 sheep isolates). These differences may in part reflect differential sensitivity of either the genotyping method or sets of markers for detecting minority populations or sampling effects (in terms of size and host representation). Differences can also be explained by a reduced frequency of recombination between isolates in countries where modern husbandry practices restrict herd-to-herd transmission. Under such circumstances, specific MLGs may be restricted to individual farms, as observed in Israel and Spain (18, 24) and in this study. However, animal movement can counteract this effect, as reported by Morrison et al. (16) , who have clearly shown a strong correlation between parasite genetic diversity in defined areas and animal movement within the country. The balance between these factors may play a role in the dynamics of population structure evolution.
The second conclusion drawn from this study concerns the effect of host and of time of sampling on the overall structure of the parasite population. PCA (Fig. 1) shows the presence of two subgroups, one of which comprises mainly MLGs from goats and from isolates collected between 1997 and 1999. The eBURST diagram of the Italian C. parvum population (Fig. 2) The existence of specific subpopulations of C. parvum in different livestock species was suggested on the basis of unique MLGs observed in isolates from a horse and a goat from Israel (24) . A recent study from Spain (18) showed that some alleles commonly found in lambs and goat kids are rarely found in calves from the same region, indicating a similar degree of host association. Therefore, the finding that different subpopulations of the parasite are associated with different livestock species appears to be valid for goats but not for sheep. Given the small number of sheep isolates genotyped so far (21 in this study and 11 in the study by Mallon et al. [13] ), this hypothesis needs to be rigorously tested with additional isolates from different livestock species. The identification of C. parvum genotypes which do not appear to infect livestock, often termed "anthroponotic" (12, 13) , should also be mentioned in this context. These observations suggest that C. parvum may comprise subpopulations with different host preferences or that husbandry practices for particular host species (e.g., goats) lead to effective isolation of particular C. parvum genotypes and limit opportunities for recombination with the main C. parvum population.
More strikingly, 23 of 27 MLGs from isolates collected between 1997 and 1999 share no SLVs with the main clonal complex (Fig.  2) , and only 2 of these 27 MLGs (MLG 16 and MLG 81) are connected with the main complex as double-locus variants (DLVs). These findings suggest that novel genotypes are introduced in the parasite population over time.
A limitation of this study was the insufficient number of humans isolates available for genotyping, which limited the comparison of C. parvum MLGs from humans and animals and an evaluation of zoonotic transmission in Italy. To compare isolates from different hosts, we sequenced a fragment of the GP60 gene from 46 C. parvum isolates from 30 calves, 6 goats, 6 lambs, and 4 humans, and we detected 17 subtypes, 3 of the IId allelic family (in two goats and one human) and 14 of the IIa allelic family (data not shown). Together with previous studies from Italy (5, 6; S. M. Cacciò, unpublished data), these data indicate that GP60 subtypes IIa15G2R1 and IIa18G3R1 circulate in both humans and animals. Analysis of MLGs from a larger number of human C. parvum isolates is needed to assess the importance of zoonotic transmission in Italy.
One important challenge is to understand the relative contributions of recombination and mutation in the evolution of C. parvum populations. In this study, a number of observations are consistent with a predominant role of mutation and asexual reproduction. This model is compatible with the observed linkage disequilibrium, the relative scarcity of mixed genotypes, the confinement of MLGs to individual farms, and the presence of a main clonal complex identified by eBURST. On the other hand, the low I A S values and the fact that a large number of MLGs are not linked (as single-locus variants) to the main cluster can be interpreted as the result of sexual recombination or the presence of divergent populations. The eBURST analysis with computer-simulated populations evolving at a high recombination/mutation ratio shows complex relationships among genotypes and long chaining of single-locus variants (27) , features which were observed in areas with a high prevalence of cryptosporidiosis (26) but not in Italy.
One issue that has become apparent during this study is that, at present, data from different studies cannot easily be directly compared, as different typing schemes have been used (29) . To advance our understanding of the epidemiology of cryptosporidiosis, a universal multilocus typing method based on polymorphic and unlinked markers is needed. Ideally, an interlaboratory ring trial should be arranged to identify those markers. Results from the present study and previously published studies (see, e.g., reference 16) showed that some markers (e.g., GP60 and MM19) are particularly polymorphic in C. parvum, whereas others (e.g., ML1) have a low level of polymorphism (12, 13, 18) and could be omitted. There are also technical issues to consider, such as the discrimination of alleles having identical size but different nucleotide sequences and the ability of various genotyping methods to detect minority populations in mixed infections (18) .
In summary, this study has confirmed that many factors contribute to determine the structure of C. parvum populations, and the results highlight the importance of the host (goat) and time of sampling, at least in Italy. In their extensive study of C. parvum and C. hominis isolates collected from many countries, Tanriverdi et al. (26) reported clear examples of clonal or panmictic populations and, more generally, provided strong evidence for an allopatric model of diversification of these parasites. Our study illustrates how within a single country some populations can undergo clonal expansion whereas others may engage in genetic exchange, resulting in a complex picture that needs to be further investigated by performing longitudinal studies with more extensive sampling.
